Introduction {#s1}
============

Genomes are inherently unstable, an attribute that drives evolution at the population level but simultaneously underlies the incidence of spontaneous disease ([@bib39]; [@bib16]; [@bib11]; [@bib1]; [@bib15]; [@bib37]). In humans, DNA replication error is estimated to induce mutations at a frequency of 10^−9^ per replicative cycle such that newborns already exhibit substantial somatic mosaicism at birth ([@bib28]; [@bib16]; [@bib11]; [@bib14]; [@bib15]; [@bib29]). Additional somatic mutations accumulate over time, resulting in the age-dependent incidence of various pathologies, including cancer, X-linked disorders, and neurodevelopmental disease ([@bib39]; [@bib12]; [@bib16]; [@bib14]; [@bib29]). Indeed, it is estimated that spontaneous DNA replication error accounts for two-thirds of cancer mutations ([@bib38]). Nevertheless, little is known about the underlying cellular mechanisms by which somatic mutations trigger disease, primarily because of the technical difficulty of inducing specific mutations in endogenous loci during development of model animals.

Results and discussion {#s2}
======================

To investigate the phenotypic consequences of disease-associated alleles in vivo, previous studies have frequently employed methods that drive aberrant protein expression under the control of non-endogenous promoter elements. The *Drosophila* Gal4/UAS system, for example, provides a highly flexible platform to drive gene expression in vivo ([@bib9]). This methodology can effectively model tissue mosaicism for putative disease alleles, but results can be difficult to interpret due to the reliance on gene overexpression through exogenous regulatory elements. Indeed, even *wild-type* alleles expressed at non-physiological levels can produce aberrant phenotypes ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}) ([@bib33]; [@bib19]; [@bib6]).

To more rigorously investigate the effects of disease-associated mutations in vivo, we used CRISPR/Cas9-dependent genome editing to establish a Flippase (FLP) recombination-dependent allele switch system. Using human disease-associated alleles of the *Drosophila Bone Morphogenetic Protein Receptor 1A (BMPR1A)* homologue *thickveins* (*tkv*) as a model, our approach permits the inducible conversion of the *wild-type* locus to a specific mutant allele ([Figure 1A](#fig1){ref-type="fig"}; [Figure 1---figure supplement 2A](#fig1s2){ref-type="fig"}). In *Drosophila*, signaling through BMPR1A/Tkv is required to control growth and direct cell fates in the developing wing imaginal disc. The primary ligand, Decapentaplegic (DPP), is expressed in a narrow band of cells at the anterior-posterior compartment boundary, leading to a downstream phospho-Mothers against dpp (p-Mad) activity gradient in the center of the disc that functions to establish presumptive wing vein regions ([Figure 1B--D](#fig1){ref-type="fig"}) ([@bib27]; [@bib31]; [@bib3]; [@bib34]; [@bib5]; [@bib4]).

![Inducible *tkv* allele switch system.\
(**A**) Schematic illustration of a FLP/*FRT*-mediated *tkv* allele switch. mCherry-tagged Tkv expression was specifically induced in the wing pouch via FLP/*FRT*-mediated recombination that eliminates *tkv-GFP* from the locus. White and grey boxes represent *tkv* coding and 3'UTR sequences, respectively. (**B--G**) *tkv^GFP\>\>mCherry^* heterozygous animal before and after allele switch. (**B, C, E, F**) GFP (*green*) and mCherry (*red*) represent endogenous Tkv expression in the developing wing disc. BMP/DPP activity was detected by anti-p-Mad staining (*grey*). (**D, G**) Both Tkv-GFP and Tkv-mCherry expressing animals developed normal adult wings. Longitudinal veins L2-L5 are indicated. (**H--J**) Wing pouch-specific allele switch of the constitutively active form of Tkv, Tkv^Q199D^. Tkv^Q199D^-mCherry (*red*) expression led to ectopic p-Mad activation (*grey*, **H, I**), resulting in wing malformation (**J**). Scale bars: 50 μm for (**B**), and 0.5 mm for (**D**). Anterior is oriented to the left in all wing disc figures and to the top in adult wing images.](elife-35258-fig1){#fig1}

We first engineered a switchable control allele, *tkv^GFP\>\>mCherry^*, which carries tandem duplications of the *wild-type tkv* coding sequence. Each *tkv* copy is tagged with a distinctive fluorophore such that Green Fluorescent Protein (GFP) labels the 5' allele and mCherry labels the 3' copy. *FRT* sites flank the *tkv-GFP* coding exons to allow recombinogenic removal of *tkv-GFP* and thus a switch to expression of *tkv-mCherry* within the endogenous regulatory architecture ([Figure 1A](#fig1){ref-type="fig"}; [Figure 1---figure supplement 2A](#fig1s2){ref-type="fig"}). Under normal conditions, transcription terminates before the *tkv-mCherry* coding sequence and only Tkv-GFP is expressed ([Figure 1B--D](#fig1){ref-type="fig"}; [Figure 1---figure supplement 2B](#fig1s2){ref-type="fig"}). Marked allele switch events can thus be induced in precise spatio-temporal patterns using controlled FLP expression to excise *tkv-GFP* ([Figure 1E--G](#fig1){ref-type="fig"}; [Figure 1---figure supplement 2C--E](#fig1s2){ref-type="fig"}). In control experiments, we detected no adverse effects of *tkv^GFP\>\>mCherry^* (*green*) conversion to *tkv^\>mCherry^* (*red*). In fact, while *UAS-tkv* overexpression in the wing pouch using *nub-Gal4* caused abnormal phenotypes ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}), induction of Tkv-mCherry in the *nub-Gal4* domain had no detectable effect on development ([Figure 1B--G](#fig1){ref-type="fig"}).

To further validate the allele switch methodology, we generated a transgenic line that permits inducible in-locus expression of Tkv^Q199D^, a constitutively active form of the receptor ([@bib23]). As expected, *w; tkv^GFP\>\>Q199D-mCherry^/nub-Gal4; UAS-FLP/+* wing discs exhibited ectopic BMP/DPP activity throughout the Nub expression domain, resulting in both wing disc and adult wing abnormalities ([Figure 1H--J](#fig1){ref-type="fig"}). Taken together, these results demonstrate the utility of an in-locus allele switch system for elucidating the in vivo consequences of spontaneous disease-linked mutations.

In humans, *BMPR1A* is known as a causative gene for Juvenile polyposis syndrome (JPS), a condition which predisposes patients to the development of gastrointestinal cancer ([Figure 2A](#fig2){ref-type="fig"}) ([@bib24]; [@bib35]; [@bib18]; [@bib20]). Although several *BMPR1A* point mutations have been identified in JPS tissue samples, precisely how each lesion influences receptor activity remains unclear. To investigate this, we generated allele switch transgenic strains for five JPS-linked point mutations at sites that are conserved in *Drosophila* Tkv ([Figure 2A](#fig2){ref-type="fig"}). In order to uniformly induce either hetero- or homozygosity throughout all cells of developing wing discs, larvae of *tkv* allele switch transgenics carrying *hs-flp* were subjected to a prolonged 1 hr heat shock at 72 hr after egg laying (AEL) ([Figure 2B--L](#fig2){ref-type="fig"}; [Figure 2---figure supplement 1A and B](#fig2s1){ref-type="fig"}). We found that these mutations fell into three functional classes: no effect, loss-of-function, and context-dependence. First, although the *BMPR1A^R443C^* mutation was detected in JPS patients ([@bib35]; [@bib18]), the corresponding *tkv* mutation produced no obvious phenotypes in either the hetero- or homozygous condition ([Figure 2---figure supplement 1B--H](#fig2s1){ref-type="fig"}). In a second allele class, we observed the expected loss-of-function effects. While heterozygosity for C40Y, C97R and M442T mutations produced normal wings and similarly mild effects on the p-Mad activity gradient ([Figure 2D--F](#fig2){ref-type="fig"}; [Figure 2---figure supplement 1A and B](#fig2s1){ref-type="fig"}), wing discs homozygous for these mutations displayed distinct phenotypes ([Figure 2I--K](#fig2){ref-type="fig"}; [Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}). *tkv^C40Y-mCherry^* and *tkv^C97R-mCherry^* homozygosity resulted in small wing discs with no detectable p-Mad activity, consistent with strong loss-of-function alleles ([Figure 2I and J](#fig2){ref-type="fig"}; [Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}). In contrast, *tkv^M442T-mCherry^* homozygous discs were larger and featured a broadened p-Mad activity gradient ([Figure 2K and M](#fig2){ref-type="fig"}; [Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}), perhaps due to reduced receptor binding and increased BMP/DPP ligand availability. Supporting this model, occasional residual clones expressing *wild-type* Tkv-GFP exhibited ectopic signaling activity in *tkv^M442T-mCherry^* homozygous wing discs ([Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}). Similarly, residual *wild-type* clones within *tkv^C97R-mCherry^* mutant wing discs showed high levels of BMP activity and frequently produced distinctly rounded outgrowths (*n* = 6/8 discs; [Figure 2N--Q](#fig2){ref-type="fig"}).

![Distinct wing disc phenotypes caused by JPS-associated *tkv* mutations.\
(**A**) Human BMPR1A and *Drosophila* Tkv protein structures. Conserved JPS-associated mutations are indicated. (**B**) Scheme for the induction of *tkv* hetero- and homozygous mutant cells by heat shock. (**C--L**) *wild-type* and mutant forms of Tkv-mCherry (*red*) together with p-Mad (*grey*) expression in either hetero- (**C--G**) or homozygous (**H--L**) wing discs. Scale bars: 100 μm. (**M**) Averaged p-Mad intensity plot profiles for *wild-type tkv^mCherry^* (*n* = 16), *tkv^C90R-mCherry^* (*n* = 15) and *tkv^M442T-mCherry^* (*n* = 16) homozygous wing discs. 0 indicates the compartment boundary position (posterior is shaded). (**N--Q**) High levels of BMP activity observed in residual *wild-type* clones within predominantly *tkv^C97R-mCherry^* homozygous wing discs. Ectopic p-Mad expression (*grey*) is detected in rounded clusters of *wild-type* cells (*green* in **N**, **P**). (**P** and **Q**) show magnified images of the boxed region in (**N**). Scale bars: 50 μm for (**N**), 20 μm for (**P**). Anterior is oriented to the left side of all images.\
10.7554/eLife.35258.008Figure 2---source data 1.BMP/DPP activation in *wild-type* clones within the *tkv^C97R^* homozygous background.*Wild-type* clones (*green*) showed higher BMP/DPP activity (*grey*) compared to their *tkv^C97R^* homozygous neighbors (*red*) and frequently exhibited an outgrowth phenotype.](elife-35258-fig2){#fig2}

In a third and final allele class, we found that the *tkv^C90R-mCherry^* variant possessed distinct signaling capabilities depending on the wing disc location. While *tkv^C90R-mCherry^* homozygosity resulted in weaker p-Mad expression in the wing pouch, the same mutation activated BMP signaling in the hinge region in both hetero- and homozygous discs ([Figure 2G,L and M](#fig2){ref-type="fig"}; *n* = 35 and 32 discs, respectively). Altogether, these results indicate that JPS-associated *tkv* mutations present a variety of wing disc growth phenotypes linked to distinct effects on signaling activity. In addition, we identified an intriguing new allele, *tkv^C90R^*, which either promotes or represses signaling activity in a position-dependent manner.

Human disease alleles, such as those identified in JPS patients, can be categorized according to either spontaneous or inherited origins. Leveraging the allele switch system, we next sought to model the cellular etiology associated with somatic mutations in JPS-associated alleles ([Figure 3](#fig3){ref-type="fig"}). Consistent with the results of uniformly-induced *tkv^C97R^* heterozygosity during larval development ([Figure 2E](#fig2){ref-type="fig"}; [Figure 2---figure supplement 1A and B](#fig2s1){ref-type="fig"}), germline *tkv^C97R^* heterozygotes exhibited little effect on p-Mad expression and developed normal adult wings ([Figure 3A--D and K](#fig3){ref-type="fig"}). Strikingly, however, when we induced sporadic *tkv^C97R^* heterozygous clones at 72 hr AEL, experimental animals showed aberrant p-Mad expression in wing discs and patterning defects in adult wings ([Figure 3E--K](#fig3){ref-type="fig"}). At the cellular level, clones of *tkv^C97R^* heterozygous cells exhibited strongly reduced BMP/DPP signaling activity and increased p-Mad levels in adjacent *wild-type* cells ([Figure 3I and J](#fig3){ref-type="fig"}). These results demonstrate the unexpectedly detrimental effect of mosaic heterozygosity for a classically recessive allele, an effect we define as *deleterious heteromosaicism*.

![*tkv* heterozygous mosaicism disrupts wing pattern formation.\
(**A--D**) Germline inheritance of the recessive *tkv^C97R-mCherry^* mutation (**A**). Tkv^C97R^-mCherry (*red*) and p-Mad (*grey*) expression in a heterozygous wing disc (**B, C**). *tkv^C97R^* heterozygotes developed normal wings (**D**). Positions of longitudinal vein L2-L5 are shown. (**E--J**) Generating somatic clones of *tkv^C97R^* heterozygous cells by heat shock (**E**). *wild-type* and *tkv^C97^* heterozygous cells are shown by *green* and *red*, respectively (**F, G, I, J**). *tkv^C97R-mCherry^* heteromosaicism disrupted the p-Mad activity gradient (*grey*) and caused wing vein patterning defects (**H**). (**I, J**) Magnified images of the boxed area in (**F**). A similar effect on p-Mad activity was observed in male wing discs, although adult males exhibited milder wing phenotypes. Scale bars: 50 μm for (**B**), 0.5 mm for (**D**), and 10 μm for (**I**). Anterior is oriented to the left side of wing disc images and to the top side of adult wing pictures. (**K**) Quantification of adult wing phenotypes in *tkv^C97R-mCherry^* heterozygous and heteromosaic animals. Longer heat shock generated more uniformly heterozygous cell populations and reduced mosaicism, rescuing wing vein phenotypes.](elife-35258-fig3){#fig3}

To confirm that mosaicism itself was the cause of abnormal wing vein patterning, we more uniformly induced *tkv^C97R-mCherry^* heterozygous cells throughout the wing disc by increasing the duration of heat shock from 10 to 60 min. Indeed, longer duration heat shock increased the number of heterozygous cells present in developing discs, and rescued the wing vein phenotypes associated with heterozygous mosaicism ([Figure 3K](#fig3){ref-type="fig"}). This indicates that deleterious heteromosaic effects derive from the clonal confrontation between heterozygous and *wild-type* cells.

Cell autonomous abrogation of BMP signaling typically leads to clone extrusion and apoptosis ([@bib2]; [@bib17]; [@bib36]). Consistent with these observations, the majority of homozygous *tkv^C97R^* clones were eliminated from the wing epithelia ([Figure 4A](#fig4){ref-type="fig"}; [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). However, neither form of cell elimination was observed in wing discs carrying *tkv^C97R^* heterozygous clones ([Figure 3F,G,I and J](#fig3){ref-type="fig"}; [Figure 4B](#fig4){ref-type="fig"}; [Figure 3---figure supplement 2](#fig3s2){ref-type="fig"}). We infer that BMP signal reduction in heterozygous cells was adequate to cause deleterious effects but insufficient to trigger cell removal. Further, consistent with a general phenomenon not restricted to *tkv^C97R-mCherry^*, heterozygous cell clones for other recessive *tkv* alleles elicited similar phenotypes ([Figure 3---figure supplement 3](#fig3s3){ref-type="fig"}). In agreement with previous results ([Figure 2G and L](#fig2){ref-type="fig"}), we also found that clones heterozygous for *tkv^C90R-mCherry^* disrupted p-Mad activity in the developing wing blade region but ectopically activated BMP/DPP signaling in the presumptive hinge territory (*n* = 26/27 discs; [Figure 3---figure supplement 3G--L](#fig3s3){ref-type="fig"}). Lastly, we also examined for the effects of deleterious heteromosaicism in other tissues. Although *tkv^C97R^* heterozygous clones influenced BMP/DPP activity in both eye and haltere discs at the level of Mad phosphorylation, the adult structures developed normally with no obvious defect ([Figure 3---figure supplement 4](#fig3s4){ref-type="fig"}). These findings suggest a tissue-specific susceptibility to the same recessive mutations in heterozygous cell clones.

![Deleterious heteromosaicism.\
(**A, B**) *tkv^C97R-mCherry^* homozygous clones were eliminated from wing disc epithelia (**A**), while heterozygous cells were retained (**B**). Scale bars: 50 μm. Anterior is to the left. (**C**) While *wild-type* animals and heterozygous carriers both develop normally, animals carrying heterozygous somatic clones exhibit developmental defects.](elife-35258-fig4){#fig4}

Recent advances in genome-wide association studies report a substantial accumulation of somatic mutations within individuals, resulting in genetic heterogeneity ([@bib16]; [@bib11]; [@bib14]; [@bib15]; [@bib29]). This mutational load is associated with the initiation and progression of a number of diseases, including cancer and X-linked disorders ([@bib39]; [@bib12]; [@bib14]; [@bib38]). Here, we have established an inducible allele switch system that allows us to study specific disease-associated point mutations within endogenous loci ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}; [Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}; [Figure 2---figure supplements 1](#fig2s1){ref-type="fig"} and [2](#fig2s2){ref-type="fig"}). For the first time, genome engineering methods make it possible to model the occurrence of spontaneous disease mutations and investigate their biological consequences in living tissue ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}; [Figure 3---figure supplements 2](#fig3s2){ref-type="fig"}--[4](#fig3s4){ref-type="fig"}). Using this approach, we have uncovered a unique facet of tissue genetics whereby classically recessive alleles can trigger aberrant development when present in heterozygous cell clones, a phenomenon we call deleterious heteromosaicism ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}; [Figure 3---figure supplements 2](#fig3s2){ref-type="fig"} and [3](#fig3s3){ref-type="fig"}). Since animals uniformly heterozygous for the same alleles are phenotypically normal, heteromosaic phenotypes likely emerge from local disparities between *wild-type* and heterozygous cells. Cellular heterogeneity associated with homozygous mutant clones is known to perturb tissue integrity by causing cyst formation, cell elimination and apoptosis ([@bib2]; [@bib17]; [@bib36]; [@bib22]; [@bib8]). In contrast, *tkv* deleterious heteromosaic clones showed no evidence of abnormal tissue architecture or cell death ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}; [Figure 3---figure supplements 2](#fig3s2){ref-type="fig"} and [3](#fig3s3){ref-type="fig"}). Thus, although *tkv* heterozygous cells disrupted normal wing pattern formation, they did not strongly influence growth and appear to escape from homeostatic surveillance mechanisms such as cell competition ([@bib13]).

A prevailing model in cancer genetics, the two-hit hypothesis requires that two independent mutations arise in a single tumor suppressor gene ([@bib32]; [@bib25]). Assuming mutagenesis by random DNA replication error, the probability of two independent mutations hitting the same gene within the same cell lineage is relatively low. Here, we report that a single somatic mutation in a putative tumor suppressor causes abnormal development by disrupting the homogeneity of BMPR1A-mediated cellular communication at the tissue level ([Figures 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}; [Figure 3---figure supplements 2](#fig3s2){ref-type="fig"} and [3](#fig3s3){ref-type="fig"}). Given that a number of disease-linked mutations are known in major signaling pathway components, we speculate that deleterious heteromosaicism is not limited to the BMP signaling pathway. Further, we propose that investigation into the unique facets of tissue genetics has the potential to shed new light on the mechanisms of how disease-linked recessive mutations impact human health.

Materials and methods {#s3}
=====================

Generation of *tkv* allele switch transgenic lines {#s3-1}
--------------------------------------------------

Two *tkv* sgRNA DNA constructs were generated using the primers listed in [Supplementary file 1](#supp1){ref-type="supplementary-material"}. *tkv* sgRNA DNA construct 1 (primers 1 and 2), and *tkv* sgRNA DNA construct 2 (primers 3 and 4), were annealed and cloned into the BbsI site of *pBFv-U6.2* ([@bib26]). A ubi-mCherry selection marker was generated as previously described ([@bib4]). To obtain a donor DNA construct for generating a *tkv* allele switch founder transgenic line, six PCR fragments were prepared using primers 5 to 16 in [Supplementary file 1](#supp1){ref-type="supplementary-material"}. The PCR products were combined via Gibson assembly (NEB).

A DNA mixture containing two *tkv* sgRNA DNAs and the donor plasmid (250 ng/μl for each) was injected into the posterior side of embryos expressing Cas9 controlled by the *nos* promoter ([@bib26]). Transgenic flies were selected by mCherry expression and further confirmed by DNA sequencing. Finally, the selection cassette was removed via Cre/*loxP*-mediated recombination, resulting in the *tkv allele switch founder* (see [Figure 1---figure supplement 2A](#fig1s2){ref-type="fig"}).

To generate *tkv* allele cassettes, a *tkv-mCherry* DNA fragment with 5' EcoRI and 3' AscI sites was constructed by Gibson assembly using primers 17 to 22 in [Supplementary file 1](#supp1){ref-type="supplementary-material"}. After Gibson assembly, a second round of PCR was conducted using primers 17 and 22 ([Supplementary file 1](#supp1){ref-type="supplementary-material"}). The resulting PCR product was cloned into *pCRII blunt TOPO* (Thermo Fisher Scientific).

Each *tkv* point mutation was induced with the Q5 Site-Directed Mutagenesis Kit (NEB), using primers 23 to 34 described in [Supplementary file 1](#supp1){ref-type="supplementary-material"}. After DNA sequencing, *pCRII blunt TOPO tkv\*-mCherry* DNAs were digested by EcoRI and AscI, and cloned into *w + attB* (addgene \#30326), resulting in *w + attB tkv\*-mCherry*.

To establish *tkv\** allele switch transgenic lines, *w + attB tkv\*-mCherry* DNA constructs were injected into the posterior regions of embryos obtained from a cross of *nos-phiC31 int. NLS* (on X, Bloomington \#34770) and the *w; tkv allele switch founder*. Transformants were screened by the presence of red eye color (see [Figure 1---figure supplement 2A](#fig1s2){ref-type="fig"}).

Heat shock {#s3-2}
----------

To mimic induction of somatic mutation in vivo, FLP expression was induced at 37°C for 10 ([Figure 3F--J](#fig3){ref-type="fig"}; [Figure 3---figure supplements 1](#fig3s1){ref-type="fig"}--[4](#fig3s4){ref-type="fig"}), 15 ([Figure 2N--Q](#fig2){ref-type="fig"}), 30 ([Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}), or 60 ([Figure 2C--L](#fig2){ref-type="fig"}; [Figure 2---figure supplement 1A and B](#fig2s1){ref-type="fig"}) minutes at 72 hr AEL.

*tkv\** allele switch heterozygous cross ([Figure 2C--G](#fig2){ref-type="fig"}: [Figure 3F--K](#fig3){ref-type="fig"}; [Figure 2---figure supplement 1A and B](#fig2s1){ref-type="fig"}; [Figure 3---figure supplements 2](#fig3s2){ref-type="fig"}--[4](#fig3s4){ref-type="fig"}): *w, hs-flp* x *w; tkv\* allele switch/CyO tkv* allele switch homozygous cross ([Figure 2H--Q](#fig2){ref-type="fig"}; [Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}; [Figure 2---figure supplement 2](#fig2s2){ref-type="fig"}): *w, hs-flp; tkv\* allele switch/CyO,sChFP* x *w, hs-flp/Y; tkv\* allele switch/CyO,sChFP*

*tkv* allele switch in heterozygous backgrounds ([Figure 4A and B](#fig4){ref-type="fig"}; [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}): *w; tkv\*^-mCherry^/CyO,twi-Gal4, UAS-GFP* x *w, hs-flp/Y; tkv\* allele switch/CyO,sChFP*

Gal4/UAS {#s3-3}
--------

For region-specific *tkv* allele switching, FLP expression was induced using *nub-GAL4* ([@bib10]), *hh-Gal4* ([@bib30]), and *ap-GAL4* ([@bib10]) for FLP/*FRT*-mediated recombination.

nub-GAL4 {#s3-4}
--------

*tkv* allele switch cross: *w; nub-Gal4/CyO; UAS-FLP/TM6C* x *w; tkv^GFP\>\>mCherry^/CyO* ([Figure 1E--G](#fig1){ref-type="fig"}; [Figure 1---figure supplement 2E](#fig1s2){ref-type="fig"}) *tkv^Q199D^* allele switch cross: *w; nub-Gal4/CyO; UAS-FLP/TM6C* x *w; tkv^GFP\>\>Q199D-mCherry^/CyO* ([Figure 1H--J](#fig1){ref-type="fig"})

hh-GAL4 {#s3-5}
-------

*w; hh-Gal4,UAS-FLP/TM6B* x *w; tkv^GFP\>\>mCherry^/CyO* ([Figure 1---figure supplement 2C](#fig1s2){ref-type="fig"})

ap-GAL4 {#s3-6}
-------

*w; ap-Gal4/CyO; UAS-FLP/TM6C* x *w; tkv^GFP\>\>mCherry^/CyO* ([Figure 1---figure supplement 2D](#fig1s2){ref-type="fig"})

Immunohistochemistry and imaging {#s3-7}
--------------------------------

Third-instar wing discs were dissected from female larvae and stained with rabbit anti-pSmad3 (EP823Y, 1:1,000, abcam) ([@bib7]; [@bib4]) and rabbit anti-cleaved *Drosophila* Dcp-1 (Asp216, 1:500, Cell Signaling Technology) ([@bib21]; [@bib40]). Alexa conjugated secondary antibodies (1:500, Invitrogen) were used to detect primary antibodies. Can Get Signal Immunostain Solution B (TOYOBO, New York, NY) was used to dilute primary antibodies. Images of wing discs and adult female wings were obtained using a Leica TCS SP5 confocal microscope and a Leica CTR 5000, respectively.

Image analysis {#s3-8}
--------------

To generate p-Mad intensity plot profiles, all images were collected at the same confocal setting and analyzed using the RGB profiler of FIJI. The 'Measure' function of FIJI was used to analyze sizes of wing discs.
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Deleterious heteromosaic phenotypes in somatic clones heterozygous for recessive *BMPR1A* disease alleles\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, one of whom, Jody Rosenblatt, is a member of our Board of Reviewing Editors and the evaluation has been overseen by Didier Stainier as the Senior Editor.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

As you will see all three reviewers found your manuscript conceptually very novel and interesting and are in favor of its publication. This manuscript identifies a new genetic phenomenon occurring in clones of heterozygous mutant cells when surrounded by wild-type cells, suggesting a new mechanism for maintaining altered, potentially diseased tissue, rather than previous models implicating loss of heterozygosity. While there was some discussion that it would be interesting to reveal the mechanism behind heterozygous tissue giving pattern defects, there was an overall impression that discovery of the phenomenon was noteworthy. Additionally, as the authors have generated very useful new fly lines in order to perform these elegant experiments, the lines will be helpful for finding other cases for this phenomenon. As a novel concept, this is certainly worth publishing. There were only a couple of points that we felt should be addressed before publication.

Essential revisions:

1\) The use of human disease-causing mutations makes an important link with Juvenile Polyposis, helping to underscore the functional importance of a subset of these mutations. For this reason, it would be interesting to try the tkv switch experiment in another tissue, for example in the fly intestine, where tkv RNAi or mutant clones seem to have strong phenotypes. (https://elifesciences.org/articles/01857/figures).

2\) As the main proposal for this mechanism is that small patches of homozygous mutants would be competed out, whereas heterozygous cells would not be, a figure comparing these results with the same allele would be clarifying, especially when used as a figure to demonstrate the concept.

10.7554/eLife.35258.021

Author response

> Essential revisions:
>
> 1\) The use of human disease-causing mutations makes an important link with Juvenile Polyposis, helping to underscore the functional importance of a subset of these mutations. For this reason, it would be interesting to try the tkv switch experiment in another tissue, for example in the fly intestine, where tkv RNAi or mutant clones seem to have strong phenotypes. (https://elifesciences.org/articles/01857/figures).

Although we tried adult midgut experiments, we could not clearly visualize Tkv due to its low level of endogenous expression in the gut. Therefore, we focused on the effect of *tkv* allele switching in other tissues. We found that while *tkv^C97R^* heterozygous clones clearly impact BMP/DPP activity in both eye and haltere discs, these structures nonetheless developed normally (Figure 3---figure supplement 4). These findings indicate a tissue-specific susceptibility to heterozygous cell clones, which we now discuss in the revised manuscript.

> 2\) As the main proposal for this mechanism is that small patches of homozygous mutants would be competed out, whereas heterozygous cells would not be, a figure comparing these results with the same allele would be clarifying, especially when used as a figure to demonstrate the concept.

As suggested by the reviewer,we now show that *tkv^C97R^* homozygous cells are eliminated from wing epithelia (Figure 4; Figure 3---figure supplement 1).
